Modulation of domain–domain interaction and protein function by a charged linker: A case study of mycobacteriophage D29 endolysin  by Pohane, Amol Arunrao et al.
FEBS Letters 589 (2015) 695–701journal homepage: www.FEBSLetters .orgModulation of domain–domain interaction and protein function by a
charged linker: A case study of mycobacteriophage D29 endolysinhttp://dx.doi.org/10.1016/j.febslet.2015.01.036
0014-5793/ 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
⇑ Corresponding author at: Microbiology and Molecular Biology Laboratory,
Indian Institute of Science Education and Research Bhopal, Transit campus: ITI (Gas
Rahat) Building, Govindpura, Bhopal 462023, Madhya Pradesh, India. Fax: +91 755
4092392.
E-mail address: vikas@iiserb.ac.in (V. Jain).Amol Arunrao Pohane, Neelam Devidas Patidar, Vikas Jain ⇑
Microbiology and Molecular Biology Laboratory, Department of Biological Sciences, Indian Institute of Science Education and Research (IISER), Bhopal 462023, India
a r t i c l e i n f oArticle history:
Received 19 October 2014
Revised 3 January 2015
Accepted 30 January 2015
Available online 7 February 2015







Charged linkera b s t r a c t
Phage-encoded cell wall peptidoglycan hydrolyzing enzymes, called endolysins, are essential for
efﬁcient release of virions from bacteria, and show species-speciﬁc killing of the host. We have
demonstrated previously that the interaction between N-terminal catalytic and C-terminal cell wall
binding domains of mycobacteriophage D29 endolysin makes the enzyme inactive in Escherichia
coli. Here, we demonstrate that such interaction occurs intramolecularly and is facilitated by a
charged linker that connects the two domains. We also show that linker composition is crucial
for the inactivation of PG hydrolase in E. coli. Such knowledge will immensely help in bioengineer-
ing of endolysins with narrow or broad spectrum antimicrobial activity.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The breakdown of cell wall is a prerequisite for the release of
phage particles into the environment after their assembly in the
host cells. The process is predominantly carried out by a phage–
encoded cell wall peptidoglycan (PG) hydrolytic enzyme, lysin
[1,2]. Lysins are now being considered as important antibacterial
therapeutics because of their potent action on bacterial PG [3].
Although lysins are primarily effective against Gram-positive bac-
teria due to the absence of outer lipopolysaccharide layer present
in Gram-negatives, bioengineered lysins can act on Gram-negative
Acinetobacter baumannii and Pseudomonas aeruginosa [4]. It is also
encouraging to note that despite being proteins, antibodies against
lysins do not necessarily neutralize them both in vivo and in vitro
further allowing these proteins to be established as effective anti-
bacterials, in vivo [5,6]. Due to rapid emergence of multi-drug
resistant Mycobacterium tuberculosis, PG hydrolyzing lysins can
be considered as alternative and promising therapeutics [7].
Phages infecting Gram-positive bacteria are known to produce
endolysins with multiple domains. These enzymes usually containa C-terminal cell wall binding domain and one or two catalytic
domains toward the N-terminal end [1,7,8]. Most mycobacterio-
phages have a three-domain arrangement wherein, two catalytic
domains are followed by a cell wall binding domain on a single
polypeptide chain [7,9]. The regulation of lysin activity has been
studied in great detail in coliphages. However, similar level of
knowledge is not available for mycobacteriophage enzyme. We
have shown previously that the N-terminal catalytic domain of
the D29 lysin A (lysinD29) interacts with the C-terminal cell wall
binding domain and proposed that such interaction makes the
lysin bacteria-speciﬁc [9]. In the present study, we show that there
exists a charged residues’ stretch that facilitates such interaction
between the catalytic and the cell wall binding domains. Either
the deletion of this linker region or its replacement with a random
coil forming sequence made up of serine and glycine repeats or
mutating certain charged amino acids (aa) leads to abolishment
of regulation. Our data also suggest that such interaction between
NTD and CTD is intra- and not intermolecular.
2. Materials and methods
2.1. Bacterial strains, media and growth conditions
Escherichia coli strains XL1-Blue (Stratagene) and BL21(DE3)
(Lucigen) were used for gene cloning and protein expression,
respectively. Unless speciﬁed otherwise, bacteria were grown in
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plate in the presence of 100 lg/ml ampicillin at 37 C.
2.2. Construction of clones
All the clones generated in the present study and the oligo
sequences have been listed in Table S1 and Table S2, respectively.
Site-directed mutagenesis experiments were carried out following
single primer method [10]. Overlapping PCR [11] was carried out to
prepare linker deleted constructs using the oligos listed in Table S2
following the procedure as described earlier [9].
2.3. Computational analysis
Homologous sequences for lysinD29 were obtained by BLAST
search against the National Center for Biotechnology Information
non-redundant (NCBI nr) database available at http://www.ncbi.
nlm.nih.gov/. Multiple sequence alignment was performed using
BioEdit [12] with ClustalW algorithm [13]. The weblogo of the
desired region from aligned sequences was generated at http://
weblogo.berkeley.edu/logo.cgi. The secondary structure analysis
of the putative linker region in lysinD29 sequence was analyzed
by several algorithms viz. Jpred 3 [14], GOR V [15], Yaspin [16], Psi-
pred [17], SOPM [18], Predator [19], PHD [20], DPM [21], DSC [22],
and MLRC [23]. The search was carried out on the respective server
for each algorithm. The obtained data for each secondary structure
(SS) element (viz. helix, strand, and coil) from each algorithm was
assigned a score of 1 bit. These values were added across all ten
algorithms for every SS element and the percentage was calculated
and plotted.
2.4. Bacterial survival assay
The assays of sec-NCD-WT and its linker region (LR) variants
were attempted in E. coli BL21(DE3) cells by growing the cells at
25 C in LB broth containing ampicillin with constant shaking at
150 rpm. The cell viability was assayed at various time points after
induction using BacTiter-Glo Microbial Cell Viability Assay (Pro-
mega) following manufacturer’s instructions. Luminescence was
monitored using SpectraMax M5 plate reader (Molecular Devices).
Additionally, spot assays were carried out on LB-Agar plates at
deﬁned time points using 3 ll culture volume of appropriate dilu-
tions, as described before [9]. For ﬂow cytometry analyses, 500 ll
E. coli culture was harvested at 2, 4, and 6 h interval and the
obtained pellets washed with buffer containing 20 mM sodium
phosphate pH 7.2 and 150 mM NaCl. The cells were resuspended
in 400 ll of the same buffer and 4 ll of sytox green dye was added
to it to obtain a ﬁnal concentration of 2.5 lM. The samples were
processed on BD FACSAria III instrument and the obtained data
were analyzed by FACSDiva Version 6.1.3 software. A total of
30000 events were recorded.
2.5. Protein expression and puriﬁcation, SPR analysis and PG binding
assays
Proteins devoid of secretory signal sequence were expressed
and puriﬁed exactly as described before [9]. The interaction
between NTD and CTD-DLR2 was monitored by Surface Plasmon
Resonance (SPR) on Biacore T-200 (GE Healthcare) essentially as
described [9]. Mycobacterium smegmatis PG isolation and protein
binding assay were performed as described earlier [9].
2.6. Limited proteolysis assay and MALDI mass spectrometry based
identiﬁcation of the proteins
A total of 2.5 lg of NCD was treated with 5.0 ng of proteinase K
(New England Biolabs) in a 10 ll reaction volume containing25 mM Tris–Cl pH 8.0 and 150 mM NaCl. Reactions were stopped
at speciﬁed time points with equal volume of SDS gel loading
dye containing 4 mg/ml PMSF followed by heating at 100 C for
5 min. Proteins were separated on a 12% polyacrylamide gel,
stained with Coomassie reagent [24], and imaged. Bands were
excised out from the polyacrylamide gel and were subjected to
in-gel trypsin digestion as described earlier [25]. The peptides were
extracted and were analyzed on MALDI – ToF mass spectrometer
(Bruker Daltonics). The proteins were identiﬁed by searching the
obtained peptide mass ﬁngerprint against the Swissprot database
using MASCOT (Matrix Science).
2.7. Circular dichroism (CD) spectroscopy
The proteins were dialyzed against CD buffer containing 20 mM
Tris–Cl pH 8.0, 50 mM NaCl and 1 mM DTT and were subjected to
secondary structure analysis on a JASCO J-815 spectropolarimeter.
Far-UV CD spectra were recorded at 20 C in a 0.2 cm path length
quartz cell. A total of three scans were obtained at a scanning
speed of 50 nm/min and data were averaged and blank subtracted.
2.8. Zymography
The zymography assays were performed essentially as
described [9]. Brieﬂy, 0.2% Micrococcus lysodeikticus cells were
immobilized in an SDS polyacrylamide gel and 5 lg of either
NCD or NCD-DLR2 proteins was electrophoresed. After completion
of the run, the proteins were refolded at room temperature for 20 h
in 20 mM Tris–Cl pH 8.0 and 1% Triton X-100. The gel was subse-
quently stained with methylene blue, destained in water, and
imaged.
3. Results
3.1. A putative charged linker connects the domains together in
lysinD29
We reported earlier, a detailed molecular dissection of lysinD29
[9]. Our work showed that the protein harbors an N-terminal
domain (NTD), a lysozyme-like domain (LD), and a C-terminal
domain (CTD). We also showed that N-terminal catalytic domain
is inactive in E. coli due to an interaction with C-terminal domain
[9]. We hypothesized that in order for such an interaction to occur
between NTD and CTD intramolecularly so as to have an autoreg-
ulation of the catalytic activity, the protein should have a ﬂexible
unstructured linker in between the two domains. Indeed, such
regions, depending upon the composition, have varying degree of
ﬂexibility and are generally rich in polar and charged residues
besides proline [26,27].
The NCD protein that harbors only NTD and CTD domains serves
as an optimal candidate to examine the autoregulation feature of
endolysin since the secretory signal tagged version of NCD (known
as sec-NCD) does not show E. coli cell lysis upon expression [9]. We,
therefore, chose this protein for further evaluation and veriﬁcation
of our hypothesis. We focused on a stretch of residues in between
NTD and CTD domains in NCD construct. This stretch originated
from the C-terminus of the NTD domain (from 157 to 176) and
continued into the N-terminus of the CTD domain (from 361 to
380) thus harboring 20-aa from each domain and, thereby, forming
a 40-residue region (Fig. 1). The computation of the theoretical pI
of the protein (carried out using ProtParam tool available at
http://web.expasy.org) with and without this sequence showed a
remarkable feature. While the pI of the NCD protein was found
to be 5.86, theoretical deletion of these 40 residues resulted in a
dramatic increase in pI to 9.01. This clearly indicates that the 40-
residue stretch present at the junction of NTD and CTD has a
Fig. 1. The sec-NCD-WT protein and its versions used in this study. The sec, NTD,
LR1, LR2, and CTD are the various segments present in sec-NCD-WT. The sec
corresponds to the secretory signal peptide sequence. NTD is the N-terminal
catalytic domain (1–176) whereas CTD is the C-terminal cell wall binding domain
(361–493). The LR1 and LR2 are the linker region sequences that belong to the C-
terminal end of NTD (157–176) and N-terminal end of CTD (361–380), respectively.
The amino acid numbers are with respect to lysinD29. Protein labels are shown on
the right. The (SG)20 represents the presence of 20 units of Ser-Gly dipeptide
whereas the (SG)n represents two proteins where either 5 or 10 units of this
dipeptide has been inserted at junction of two domains. In the case of sec-NCD-
DCharge, the charged residues in LR have been replaced with Ser or Gly (see text for
details).
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region (LR). We were, therefore, tempted to characterize this
region in detail in order to understand its importance in the inac-
tivation of NCD. We imagined that an interaction between the NTD
and the CTD could be established intramolecularly if the LR is
ﬂexible and unstructured, so that it supports necessary domain
movement. We further divided the LR into two segments viz. the
NTD C-terminus termed as the linker region 1 or LR1 and the
CTD N-terminus region labeled as the linker region 2 or LR2
(Fig. 1). Using several algorithms, we carried out secondary struc-
ture prediction in both of these regions. The data obtained were
converted into the percentage value for each secondary structure
element and plotted (Fig. 2A). The graph clearly shows a signiﬁcant
part of the sequence, to be random coil and allows us to conclude
that the largely unstructured region would be able to provide nec-
essary ﬂexibility for domain movement.
We next carried out a BLAST search against the NCBI nr data-
base using lysinD29 as query sequence and obtained a total of 109
sequences including lysinD29. Multiple sequence alignment of
these sequences was then performed and the aligned LR1 and
LR2 sequences were extracted to generate weblogos at http://web-
logo.berkeley.edu [28]. The obtained image for the ﬁrst half (LR1)
of the 40-aa stretch does not show a distinct conservation of any
residue (Fig. 2B). However, weblogo obtained from CTD N-termi-
nus 20-aa (LR2) shows a cluster of negatively charged residues
(Fig. 2C). We thus conclude from the secondary structure predic-
tion and the multiple sequence alignment data that the region
present in between NTD and CTD, more importantly the LR2, is lar-
gely unstructured and composed of hydrophilic residues and,
therefore, may act as a linker.
3.2. Protease digestion conﬁrms the existence of a linker region in
protein
The domain in a protein is a well-folded structure. In general,
two domains are connected by a linker that is usually unstructuredand is susceptible to digestion by protease. It is thus possible to
separate the domains from each other under controlled protease
digestion condition. Attempts have been made to study a large
number of proteins using such method with exciting results [29–
32]. When we carried out limited proteolysis of puriﬁed NCD with
proteinase K, we observed smaller size protein bands (Fig. 3). The
NCD band intensity reduced with increasing duration of incubation
with proteinase K. However, smaller size protein bands remained
stable during the entire experiment and migrated close to puriﬁed
NTD and CTD. We further attempted to identify the bands obtained
after proteinase K digestion by carrying out in-gel trypsin digestion
and MALDI mass spectrometry. The identities of the bands
obtained after protease digestion were conﬁrmed by comparing
the spectra with the tryptic digest peptide mass proﬁles of puriﬁed
NTD and CTD proteins (SI Figs. S1 and S2) and by searching the
mass spectra against the Swissprot database using MASCOT (data
not shown). It is thus conceivable that both the domains are con-
nected by a protease-sensitive linker.
3.3. Inactivation of sec-NCD requires LR2
To verify the role of LR in protein’s inactivation, we examined
the E. coli cell viability while expressing various versions of sec-
NCD protein (hereafter referred to as sec-NCD-WT protein to differ-
entiate it from other constructs). The viable cells were assessed by
the luminescence assay using the BacTiter-Glo kit (Promega) that
shows high luminescence in the presence of ATP suggesting the
presence of live cells. We ﬁrst prepared an NCD construct devoid
of this LR labeled as sec-NCD-DLR (Fig. 1). In this construct, the
entire stretch of 40-aa (bearing both LR1 and LR2) was deleted.
Very interestingly, sec-NCD-DLR showed cell toxicity compared
to the sec-NCD-WT (Fig. 4A). It immediately suggested that the
LR is somehow responsible for the inactivation of sec-NCD and
tempted us to conclude that the LR provides ﬂexibility for the
movement of two domains and allows for the establishment of
an inter-domain interaction most likely within the same molecule.
To examine this further, we replaced 40-residue LR with an identi-
cal length stretch of serine and glycine residues, (SG)20, resulting in
the construction of sec-NCD-SG (Fig. 1). Surprisingly, this protein
also behaved similarly to sec-NCD-DLR (Fig. 4A) suggesting that
the composition of LR is very critical for its function. To understand
if the introduction of additional amino acids in between the two
domains will have any effect on the activation of sec-NCD in E. coli
by disrupting the domain–domain interaction, we introduced 5
and 10 units of Ser-Gly dipeptide in between NTD and CTD
domains. Two protein constructs thus prepared viz. sec-NCDSG5
and sec-NCDSG10 (Fig. 1) were tested in E. coli for their cell lytic abil-
ity. Interestingly, these proteins remained inactive in E. coli (SI
Fig. S3), suggesting that the incorporation of such residues does
not perturb the interaction between the two domains. However,
the disruption or the manipulation of the residues in the LR does
affect the interaction.
Next, we attempted to characterize LR further by making sev-
eral deletions. The 40-residue LR forms part of both NTD and
CTD. We, therefore, made two protein constructs. One of the con-
structs, the sec-NCD-DLR1, contained an NTD that was shortened
by 20 residues from its C-terminus whereas the sec-NCD-DLR2 car-
ried a CTD that had a similar deletion from its N-terminus (Fig. 1).
Both the proteins, when expressed in E. coli gave contrasting
results. The sec-NCD-DLR1 behaved identically to the sec-NCD-
WT (Fig. 4A) suggesting that LR1 (i.e. C-terminus of the NTD) is
not involved in protein’s inactivation. Interestingly, the 20 residues
present at the N-terminus of CTD play a critical role in protein’s
inactivation since their absence in sec-NCD-DLR2 resulted in
partial restoration of protein’s toxic behavior (Fig. 4A). We have
earlier shown that the NCD protein can act on the M. lysodeikticus
Fig. 2. Secondary structure analysis of the putative linker region and the weblogos generated from the multiple sequence alignment. The secondary structure analysis of the
putative linker region in lysinD29 sequence was carried out using several algorithms and the obtained data for each SS element (viz. helix, strand, and coil) from each algorithm
was assigned a score of 1 bit. These values were added across all the algorithms for every SS element and the percentage was calculated and plotted (A). The graph shows the
percentage value (on y-axis) for each SS element for a given amino acid in the putative linker region (shown on the x-axis). The LR1 and LR2 regions have also been marked
below the sequence. The weblogos were generated for the regions representing LR1 (B) and LR2 (C) in the multiple sequence alignment of endolysin sequences of
mycobacteriophages. The LR1 (B) shows high variability in the amino acid. On the other hand, LR2 shows a large number of conserved residues. A bit score 4 suggests 100%
conservation. A negative charged patch of EEDD is prominent in panel C.
Fig. 3. Limited protease digestion of the NCD protein with proteinase K. The
proteins were separated on a 12% polyacrylamide gel that was stained with
Coomassie and imaged. Lanes 1, 6, and 7 are undigested NCD, CTD, and NTD
respectively. Lanes 2–5 are 1, 2, 4, and 8 min time point of the protease digestion
reaction. The i, ii, iii, and iv represent the bands that were processed for MALDI mass
spectrometry for protein identiﬁcation and analysis (SI Figs. S1 and S2). The bands i
and iv were identiﬁed to be NTD and showed matching peak proﬁle. Similarly, the
bands ii and iii were identiﬁed to be CTD and showed similar peptide mass
spectrum proﬁle. Lane M is the molecular weight marker shown in kDa.
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zymography assay [9]. In order to examine if the LR2-deleted
version of NCD is also active in vitro, we carried out zymographywith both the WT and the DLR2 proteins. It is evident from the
zymography that the sec-NCD-DLR2 protein is also active in vitro
thus conﬁrming that the protein is catalytically active (SI Fig. S4).
The role of some of the charged residues in LR was further
explored by generating a construct that had these residues substi-
tuted for either Ser or Gly (Fig. 1). Thus the original sequence of the
40-residue LR, NDPLFHDFWYLDAKLEDGPTGDQLLTLIGDDDELADP-
TIQ, was changed to NDPLFSGFWYLSAGLGSGPTGSQLLTLIGSGS-
GLADPTIQ, where the underlined residues denote the
substitutions. This protein, termed as sec-NCD-DCharge, was found
to have partial restoration of toxicity upon expression in E. coli, and
behaved similarly to the sec-NCD-DLR2 (Fig. 4A). All of the con-
structs were also examined for their toxicity effect on E. coli by per-
forming spot assays as described before [9]. The assays performed
at time 0 and after 6 h of induction by IPTG showed decrease in
spot density compared to the 0 h time point in all of the cases
except the sec-NCD-WT and sec-NCD-DLR1, thus complementing
the luminescence assays (Fig. 4B). Additionally, we also performed
ﬂow cytometry experiment for the presence of live and dead cells
in the culture expressing various versions of sec-NCD protein. The
data obtained complemented the observation made by the spot
assay and the luminescence assay for the proteins; the WT and
the DLR1 constructs showed negligible amount of cell death com-
pared to other proteins (SI Fig. S5). We, therefore, conclude that the
LR2 plays an important role in the interaction between NTD and
Fig. 4. Assessment of the presence of live cells in liquid culture of E. coli BL21(DE3) expressing various proteins by luminescence based ATP detection assays and spot assays
on LB-Agar. ATP estimation was carried out using luminescence assay in bacterial cells expressing speciﬁc proteins (A). Fold change in luminescence was calculated by
considering the amount of luminescence obtained at the time of induction (0 h) to be equal to 1. Data presented here is an average of three independent experiments. No
increase in luminescence is observed in the case of sec-NCD-DLR, sec-NCD-SG, sec-NCD-DLR2, and sec-NCD-DCharge suggesting that the expression of these proteins is toxic.
The sec-NCD-WT and sec-NCD-DLR1 were found not to be toxic. The spot assays (B) for these constructs were carried out at time 0 and 6 h after induction. The data obtained
is in agreement with the luminescence assays. The spotted dilution for each culture has been mentioned on the top.
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nature of this interaction remains to be elucidated.
3.4. Linker region deleted CTD retains all structural and functional
characteristics
Survival assay of bacteria expressing sec-NCD-DLR2 clearly
indicated that LR2 present at the N-terminus of CTD has a distinct
role in NCD’s inactivation since the deletion of this region demon-
strated a cell growth proﬁle suggestive of toxicity. This proﬁle was
in stark contrast with both sec-NCD-WT and sec-NCD-DLR1. We
wondered if the reason for sec-NCD-DLR2 toxicity is the loss of
structure or improper folding of CTD domain because of deletion.
To verify this, we deleted 20 residues from the N-terminal end of
CTD thereby generating CTD-DLR2 protein (Fig. 1). The puriﬁed
CTD-DLR2 was subjected to CD spectroscopy to compare its sec-
ondary structure with wild-type CTD. Both proteins showed slight
differences in their far UV CD proﬁles (Fig. 5A) suggesting that a
deletion of LR2 only slightly affects the structure of the protein.
However, when similar experiment was carried out with the
wild-type and the LR2 deleted version of NCD, almost no differencewas observed in the CD spectra proﬁles (Fig. 5B) thus suggesting
that the deletion of LR2 did not affect the secondary structure of
the protein.
We have earlier shown that NTD and CTD can interact in trans
[9]. It is thus plausible that in sec-NCD-DLR2, the CTD region does
not interact with NTD due to the deletion. To rule out this possibil-
ity, puriﬁed CTD-DLR2 protein was allowed to interact with wild-
type NTD and the interaction was monitored by SPR. We noticed a
very distinct binding of CTD-DLR2 with NTD protein with a disso-
ciation constant value of 0.12 lM (Fig. 6A). This experiment sug-
gests that in the absence of LR2, CTD-DLR2 can bind to NTD in
trans, with much higher afﬁnity as compared with the wild-type
protein (14.4 lM) [9]. However, the reason for such increase in
afﬁnity due to the removal of LR2 requires further exploration.
The binding of CTD to PG of mycobacteria is another distinct
feature of CTD [9]. We attempted to probe the binding of CTD-
DLR2 to the PG obtained from M. smegmatis. Our data clearly
demonstrates that even after deletion of 20 residues from its N-ter-
minus, the protein retains the cell wall PG binding ability and
bound to puriﬁed PGMsm (Fig. 6B) indicating thereby, that these
20 residues do not interfere in the interaction of CTD with PG.
Fig. 5. Circular dichroism analysis of wild-type and the DLR2 versions of CTD and NCD proteins. The far UV CD data were recorded for CTD and CTD-DLR2 (A) and NCD and
NCD-DLR2 (B). The panel A shows slight differences in far UV CD proﬁle. The panel B, however, shows no differences between the spectra of two proteins suggesting that the
deletion of DLR2 in NCD does not affect the overall secondary structure proﬁle. The data presented here are an average of three scans that were blank subtracted. The y-axis
represents the molar ellipticity in both (A and B).
Fig. 6. Functional characterization of the CTD-DLR2. The CTD protein is known to interact with NTD and also binds to the PG ofM. smegmatis. Panel (A) shows the interaction
between the NTD and the 20-residue deleted version of CTD. The CTD-DLR2 was passed on immobilized NTD. The 1.25 lM concentration was repeated twice. Time 0
represents the time of injection of analyte. The inset shows the constants obtained after carrying out SPR experiment. KD is the equilibrium dissociation constant. The kon and
koff represent the association and dissociation rate constants, respectively. The v2 represents the goodness of ﬁt. Panel (B) shows the binding of CTD (lane 1) and CTD-DLR2
(lane 2) to PGMsm probed by Western blotting using anti-gp10 antibodies.
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Mycobacteriophage lysin can serve as a good anti-mycobacte-
rial agent in the current scenario of emerging multidrug resistance
pathogenic M. tuberculosis. Earlier studies with lysinD29 have
shown that the protein is composed of three domains [7,9]. The
N-terminal NTD and LD are catalytic whereas the C-terminal end
region is cell wall binding. We have shown that a smaller version
of lysinD29 harboring only NTD and CTD did not show lethal activity
in E. coli cells upon expression in the periplasm [9]. However, it
showed cell lysis upon expression in M. smegmatis. This bacteria-
speciﬁc killing property of lysinD29 occurred by an interaction
between catalytic and cell wall binding domains, which was spec-
ulated by Low and coworkers and experimentally demonstrated by
us [9,33].
Here, we have identiﬁed two stretches of amino acids between
NTD and CTD that sandwich the LD domain in lysinD29 and may act
as linkers that tether NTD and CTD with the LD domain; in theNCD, the two stretches come together. Computational analysis
suggested the region to be largely disordered. The sec-NCD-WT
that is inactive in E. coli, regains its cell lytic ability once this linker
is deleted. Even when the LR sequence is replaced with the serine
and glycine repeats of identical length, the NCD retains the E. coli
cell killing property suggesting that the interaction is not restored.
It is thus possible that replacing the linker with (SG)20 in NCD may
not have provided the necessary conformation that is needed for
the establishment of interaction between the two domains [34].
Additionally, we show that substituting the charged residues in
the linker with either serine or glycine causes gain of activity in
sec-NCD-DCharge, in E. coli, in contrast to sec-NCD-WT, demon-
strating further the importance of the composition of the linker
[34]. This property of loss of function of the putative linker region
after changing its composition has been discussed previously in
Oct1 for its DNA binding property [35]. Furthermore, deleting 20
residues from the N-terminal end of CTD restores the protein’s cell
lysis ability. This immediately suggests that LR2 may act as the
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of NCD. It is interesting to note that such a charged linker has been
observed in the crystal structure of Cpl-1, the endolysin of Pneu-
mococcal bacteriophage Cp-1 [8] and was also shown to be
required for the functional regulation of Hsp90 [36,37]. Addition-
ally, the charged linker in Hsp90 has also been shown to be
involved in domain–domain interaction [38]. The linker in Cp-1
contains the sequence, DDEEDD that, largely matches with the
short conserved stretch, EEDD, present in LR2 aligned sequences
identiﬁed in this paper (Fig. 2C). We further conﬁrm by SPR exper-
iments and PG binding assays that the change in NCD’s behavior
upon manipulating the linker is not due to the loss of CTD func-
tionality. It was surprising to note an increase in the afﬁnity
between the NTD and CTD-DLR2 proteins. The exact reason for this
observation, however, remains to be elucidated. We speculate at
this stage that the lower afﬁnity between the NTD and the CTD
proteins is required to allow the disruption of such interaction dur-
ing the activation of the protein for PG hydrolysis. Nonetheless, the
exact nature of such interaction and the contribution from the NTD
to establish this interaction require further exploration.
The interaction between NTD and CTD domains in lysinD29 is
thought to be either intra- or intermolecular [9]. Our experiments
with the NCD construct that has the linker either completely
deleted (sec-NCD-DLR) or replaced with an identical length of Ser
and Gly (sec-NCD-SG) strongly support for intramolecular interac-
tion between the two domains within a given NCD molecule. Here,
an intermolecular interaction such as that might occur between
the NTD and CTD of two different NCD molecules would have
resulted in the inactivation of NCD even after manipulating the lin-
ker. These experiments thus demonstrate a method for the inacti-
vation of NCD in a non-mycobacterial host cell such as E. coli. We
believe that our ﬁndings will help in the bioengineering of novel
endolysins that can target speciﬁc bacteria in order to treat infec-
tions and cure diseases.
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